There is a need for physiological measurement devices in animal well-being research that are capable of measuring the physiological parameters of the animals sufficiently long times. The paper presents an output of a project where implantable, logging measurement device has been designed and in vivo measurements have been conducted with the prototype. The measurement device is capable of measuring the ECG, activity and temperature of an animal. The signals provided by the device are of high quality and signal analysis can be made directly from the raw signal without exhaustive signal pre-conditioning.
Introduction
An implantable physiological measurement device suited to measure the psycho-physiological well-being of dairy cattle is not commonly regarded as a highly interesting scientific issue. However, the humane and economical consequences of developing and utilising such a device are potentially enormous.
Implantable measurement devices able to measure bio-potentials, such as ECG, have been actively researched by the authors under the last few years [1, 2, 3] . Various physiological measurement devices have been developed in order to be able to measure the behaviour and physiological state of the cattle. By being able to measure quantitatively these two variables, one is potentially able to indirectly assess the well-being of the cattle. However, the task is not an easy one since the number of measurements that can be done is huge and knowledge about the few most important ones is missing. The authors have, in cooperation with the veterinarians and behavioural scientists, determined some measurable quantities that play a major role in the assessment of the well-being of the cattle. von Borell lists also virtually the same parameters to be useful in the assessment of stress in his article [4] .
When conducting measurements on animals, the control over the animals' behaviour is much smaller than it is with humans. The problem is emphasised when the animals are let to move around freely. However, free movement of animals is nowadays regarded as ethically correct and advantageous to the animals themselves and their productivity [5] . Therefore, measurement devices that are placed on the skin and work with humans, do not work equally good with the animals. A good example of a superb device for humans but not so practical for animals, is the wearable heart rate monitor [6] . The heart rate monitoring device has been proved to provide the user with good information about the electrical behaviour of the heart [7] and with correction of erroneous recordings the applicability to measure animal data is fairly good [8] . However, the belt-like structure of the sensors is potentially uncomfortable for the animals and it may have its effect on the measured heart activity data [4, 9] . One approach to measure the physiological parameters of the animals has been the Holter monitors that are extensively used with humans [6] . Even better solution would be to use implantable loop recorders (ILR) that are also common in the human medicine and whose effect in catching irregular malfunction of the heart is recognised [10, 11] . The only problem is that the device only records certain length of measurement data after a button has been pushed. Therefore, this is not a feasible choice to be used with animals unless continuous monitoring of animals is conducted by humans.
Implantable measurement devices enable measurement of physiological parameters of the animals without disturbing the animal's normal behaviour during the measurement. The implantation procedure itself of course, distracts the animal but the effect of this is decayed in a few days as the implantation wound heals. Typically, the implantable measurement devices are desired to be longliving underneath the skin which means that their power consumption should be small or they should be powered either by energy scavenging methods [12] or they shall be powered up wirelessly from outside [1, 2, 13] . When the device is desired to be kept implanted for a prolonged period of time, the tissue response it evokes shall be minimal. This can be realised by choosing the coating materials and possible sensor materials in contact with the tissues from a list of materials known to be biocompatible [14, 15] .
There are implantable measurement devices that are commercially available that are able to measure physiological parameters of the animals. One well-known and well-established company to produce such devices is Data Sciences International (DSI). DSI has products ranging from small-sized animals such as mice, rats to large-sized animals as e.g. cows and horses. Their devices can be equipped with bio-potential measurements (ECG, EEG, EMG), blood pressure (BP), temperature, pressure and activity measurement sensors. All the devices are powered up with an inductive coupling between an external transmitter/receiver and the device. For large animals in loose housings, there is a signal repeater available which extends the range of operation of the measurement devices up to several metres. Telemetry Research Ltd. also manufactures miniature-sized implantable measurement systems that are able to measure the same quantities as the ones of DSI. However, the devices by Telemetry Research Ltd. are battery-run with an inductive recharging possibility. The signal transmitting from the implantable device is possible up to 5 m distance without any special arrangements.
Both of the presented commercial devices are good for some purposes but when a truly freely moving, grazing dairy cattle is needed to be monitored, the read-out distances of the existing devices are not long enough. On the other hand, if the animals are during the measurements confined to a small area, which is not necessarily their natural everyday environment, the measurement results will be biased due to the measurement arrangements. Also with the implantable measurement device made by DSI, a complete anaesthesia is needed when the measurement device is being implanted. The implantation procedure will thus be extremely challenging and expensive. Another approach to the measurement of heart rate and temperature of a cattle is presented by Martinez et al. [16] . Their approach is to use an ingestible measurement device that acoustically measures the heart rate from the rumen. However, Martinez et al.list a number of problems related to the usage of the device and reliability of the data. Therefore, an affordable implantable device with a continuous, long-term, reliable measurement of body functions with data storage possibility is needed to help the researchers to conduct their research without being scared off by the high prices of such devices.
Technical realisation

User specifications
The following user specifications were set to the implantable prototype:
• Measurement sensors for temperature, activity and ECG.
• Temperature measurement absolute accuracy ± 1 o C, range including at least temperatures from 36 o C to 42 o C.
• Acceleration sensor capable of measuring ± 6 g.
• Sampling frequency for ECG over 250 Hz.
• Battery operated device to secure continuous recording of the signals.
• Sufficient amount of internal memory to store the measurement data during the operation time.
• Preferably a radio link outside from the device to a receiver to transmit the measured data.
• Operating time over 14 days.
The specifications were based on previous knowledge and experiences obtained from in vivo experiments and theoretical studies around the assessment of the well-being of the cattle. The most important user requirement was, however, to be able to obtain reliable, continuous measurement data.
Prototype technology
At a very early stage of the designing process, it was decided that no radio connection between the implantable measurement device and the receiver will be implemented to the first prototype. The reasons for the decision were two-fold: First of all, bearing mind the most important requirement set by the users (continuous data collection), by leaving the radio out from the implantable measurement device, the designing process is drastically simplified and the probability for errors that threat the functionality of the device are lower. Secondly, by leaving the first prototype without the radio, also the need to design and construct the receiver is avoided. This both saves time and frees resources to be used in the designing of the implantable device. Figure 1 shows the constructed prototype. All the components to be used in the device were chosen to be capable of operating at low operating voltage and consume as little power as possible. The operating time requirement was fulfilled by selecting a battery with maximal current capacity. The battery that was used was LS14500 by Saft and it was selected among many candidates due to its relatively high capacity of 2600 mAh and nominal voltage 3.6 V. When operating with the memory card or a radio, also the peak current capability of a battery is important. The chosen battery shows extraordinary peak current supply with 280 mA in a 100 ms pulse with a nominal voltage drop down to only 3.0 V. The peak current value satisfies the requirements of most memory cards and radios.
The measurement device was equipped with AISI 316L electrodes, a.k.a. surgeon steel, since these electrodes were previously found to be good in terms of low noise and biocompatibility [17, 14] . The ECG signal was measured with a INA122 instrumentation amplifier by Burr&Brown and low-frequency drifting of the signal was suppressed with an integrator. The setup was found to be extremely functional since the slow drift typically observed in the ECG was completely filtered out with this connection. The slow drift is harmful for the measurements since it may raise the DC-level of the ECG-signal so that at least parts of the signal will be cut off when the signal level reaches the operating voltage level.
Activity of the cattle is being monitored based on measurement results from a 3D-accelerometer manufactured by VTI Technologies. The accelerometer type was chosen to be SCA3000-E04 with ± 6 g measurement capability. The sensor was equipped with an SPI digital interface. The temperature is monitored with a digital thermometer DS1821 by Dallas Semiconductors. The temperature sensor was chosen because of it in-built A/D-converter (ADC) and accurate measurement result. According to the data sheet, the thermometer is able to measure the temperature within one degree accuracy on measurement range of 0 o C to 85 o C.
The microcontroller (MCU) used in the device was decided to be MSP430F1611 by Texas Instruments. The reasons for utilising this particular model were e.g. ultra low power consumption compared to for example PICfamily MCUs, knowledge of the programming and behaviour of the MCU, 12-bit built-in ADC with sufficient sampling rate for the application. The sampling rate for the ECG was set to 341.3 Hz, 0.0625 Hz for the temperature, corresponds to one sample every 16 seconds and 16 Hz for all three axis of the accelerometer. The sampling rates were defined according to the MCU's capability to sample and store the data reliably. Furthermore, the ECG sampling rate was maximised since heart rate variability (HRV) analysis was intended to be done on the data and according to literature, the sampling frequency should preferably be high, over 250 Hz [18] . The sampling frequency frequency of the acceleration is according to Bouten et al. [19] sufficient for human motion analysis and it was assumed that the same frequency range could be used for the cattle.
The measurement device samples the five channels until its own memory buffer of (4096 bytes) is full. After the memory is full, the implant writes the buffer information onto the memory card. The device will generate a new file every hour. Until that, the data is written in the same file. Since there is a 12-bit A/D-converter integrated in the MCU that is being used for the data sampling, 4096 bytes with the given sample rates corresponds to approximately 6 seconds of measurement data. When the data from the 4096 bytes buffer on the MCU is written on the memory card, the peak current is in the beginning 60 mA for 5 ms. After initialising the card access, the current during the rest 60 ms of the writing sequence is approximately 30 mA. The theoretical mean current consumption of the implant is 2.35 mA. Thus, the operating time of the implant calculated with the mean current would be 46 days. However, the maximum operation time of the implant is not as long as the theoretical calculation would suggest. The nominal voltage of the battery drops down to 3.3 V when the data access between the memory card and the MCU is opened. The small current nominal voltage is in the meantime at 3.6 V. The memory card is specified to operate on supply voltage down to 3.3 V. The battery nominal voltage is only slightly decaying with operation time and it remains virtually on the same level for a long time. However, when the battery is close to be empty, the voltage of the battery drops below 3.3 V when the communication link between the memory card and the MCU is initialised, hence, the memory card will be powered off and the operation of the implant will cease. The device measures occasionally also the nominal voltage of the battery. The nominal voltage is important since if the voltage is not enough to close the file after writing, the whole file of data will be lost. The estimated realistic operation time of the implant is therefore around 30 days.
A light emitting diode (LED) was put on the circuit board to indicate the status of the implant. The LED will occasionally flash if the implant is in the measurement mode. This can be utilised in the installation state of the implant to see, whether the device will begin measurements and also when the implant is removed from the animal to notice, if it is still measuring. The LED also serves as an error code indicator if something unexpected will occur in the electronics (e.g. cannot access the memory card, card full, etc.).
As the implantable device did not have any means to broadcast the measurement results to the outside world, the complete measurement data had to be saved on a memory card. The capacity of the memory card was set to be able to store measurement results of all five measurement channels during the operation time of the device. Based on calculations of the operating time, the device was equipped with a 2 GB SD-memory card to store the measurement data.
The measurement device had to be coated with a biocompatible material and sterilised to elicit a minimal tissue response inside the animal. The coating was decided to be of a hybrid type with Parylene-C, medical grade epoxy (Epotek 301-2FL) and Parylene-C due to its proved success in a previous study [2] . The device was ethylene oxide (EtO) sterilised at 42 o C to avoid possible problems arising to the electronics from higher temperatures of e.g. autoclave sterilisation method. The gamma ray sterilisation could not be used for sterilisation since it is likely to affect the microelectronic components by causing latch-ups inside the components.
After beginning of the coating process, there were no means to access the electronics. In order to achieve the maximum operating time for the measurement device, the device was set to a sleep mode prior to the coating process. However, there had to be a method to wake up the implantable device from the sleep mode to the measurement mode as the measurements were begun. The waking-up of the device was realised with a magnetic relay switch and the real time clock (RTC) of the device. The device was allowed to start the measurement mode when the magnetic switch was triggered if the time on the RTC was greater than a pre-defined start time of the measurements. By defining a time prior which the implant was not allowed to start the measurement mode, the possibility for erroneous, accidental magnetic pulses that would trigger the measurement, was eliminated.
A total number of six in vivo experiments were conducted with the prototype. The experiments were conducted in cows under a licence approved by the animal experiments committee. The device was placed on the lefthand side of the animal by a small operation. A local anaesthesia was applied around the region to be operated (diameter approximately 10 cm). The skin of the animal was operated in the vertical direction and the incision wound was approximately 7-10 cm long. The skin and subcutaneous tissue were separated from each other underneath the incision wound to make a pocket under the skin where the device was placed into. The incision wound was closed with 3-6 sutures and the wound was treated with clean water twice a day for a week. After one week, the sutures were removed. Same procedure was applied when the device was removed from the animal.
Device performance
When the measurement results were transferred from the memory card to the computer, it was observed that the data was recorded only approximately for one week after the initialisation of the measurement. The reason for this was tracked to be in the code of the MCU and especially the part related to the file system on the memory card. The problem can be corrected by using longer data files, e.g. 5-7 hours long. Time for the measurement devices to stabilise to the tissue environment varied a little being between one hour and six hours after the implantation.
The measurement data obtained from the device was good in terms of raw data quality. The raw data quality was defined as the ratio of data that can be utilised in the analysis without any signal processing methods, e.g. filtering etc., to the total amount of data:
where l good data is the length of good data either in time domain or data points and l data is the length of the total data set used for quality determination. The data quality factor Q data calculated from a six hours long measurement was 0.89. This means that out of six hours of consecutive data, 5 hours 20 minutes is data of high quality which is easy to be analysed with straightforward data analysis methods. The data quality is essential when preliminary data analysis is desired to take place already in the MCU. Such analysis can be e.g. determination of the peaks of the ECG signal by which HRV analysis can be performed. An example of data obtained from the device is presented in Figure 2 where 60 minutes of ECG data is shown on top and a oneminute-long interval from the beginning of the file has been magnified on the lower picture. The data was recorded 36 hours after the implantation of the measurement device. The first minute of the accelerometer signals (x, y, z) have also been plotted in the figure to indicate the correlation between the motion artefacts in the ECG signal and movement detected by the accelerometer. The correlation between the accelerometer signals and variations in the ECG signal was investigated so that the standard deviations of all the signals were calculated over data sets of 0.5 seconds in duration. The standard deviations of the individual accelerometer signals were summed up coherently with each other to obtain an overview of the total deviation of the accelerometer signals. The correlation coefficient for the obtained total deviation with the standard deviation of the ECG signal was then calculated and a correlation of 0.224 was found. The correlation coefficient was calculated also with other lengths of data windows but the best result was obtained with the suggested window length. Altogether, this means that the correlation is not very strong between the accelerometer signals and variations (artefacts) in the ECG signal. Moreover, the value of the correlation coefficient varies when different lengths of data windows are being used.
Errors such as motion artefacts in the data may ruin its usage unless advanced signal processing methods are being used. Barros et al.have successfully applied independent component analysis (ICA) to noisy ECG data to filter the motion artefact [20] . The artefacts are large in amplitude compared to the ECG data and their filtering is difficult. The data from the acceleration sensors can be utilised to determine the time instants when movement artefacts are probable. Hence, by combining the data of the acceleration sensor (3D) and the ECG, the effect of motion artefacts could be reduced although as shown in this paper, the correlation coefficient may be relatively low [21] .
The good quality of data enables straightforward analysis methods to be used in the signal processing of the data. To make the HRV analysis, the repetitive peaks of the ECG have to identified. Traditionally the human medicine uses the R-peaks in calculation of the HRV because the R-peak usually has the highest amplitude and is therefore easy to detect from the dataset. However, for the cattle, the situation is somewhat different. The strongest peak in the cattle ECG is the S-peak and not the R-peak. According to DeRoth [22] , the reason for this behaviour lies in the anatomy of the cow heart that differs from that of humans. The Purkinje fibres penetrate through the walls between endocardium and epicardium of the heart, the depolarisation of both ventricular walls occurs simultaneously and no general depolarisation fronts can be detected.
To calculate the heart rate (HR) and make analysis on the variation of the HR, peak time instants have to be calculated from the ECG signal. There are a number of methods to calculate the values ranging from simple thresholding of the signal to advanced signal processing methods [23] . HR can, however, be calculated with a fairly simple 5-point derivative peak detection algorithm accompanied with peak interpolation relatively reliably. The basic idea of the peak detection algorithm is to detect five consecutive points of the sampled ECG with difference in amplitude exceeding a certain threshold value defined by the user. By this method, the peak (either R-or S-peak) can be found with a high success rate. The time instant of the peak can further be enhanced by interpolation and fitting a 2nd order polynomial to the peak and determining the maximum of the polynomial to correspond to the exact time instant of the peak. Figure 3 shows an example of HR calculated from the data shown in Figure 2 . The data quality factor, Equation 1, of recognising the peaks and calculating the HR was 0.83 for the given data. The rate is lower than for the total data rated as good, error free data, since the peak detection algorithm has its shortcomings and does not recognise each valid peak and also because the data set was shorter than the one used in the long term data quality determination. 
Applications
The implantable, logging measurement device with sufficiently long operating time offers the researchers the possibility to measure and follow the behaviour of the cattle in long-time measurements. Traditionally this has been a problem when the cattle is living in a loose housing environment and their natural behaviour is distracted by the measurements. With the aid of the presented prototype, long-term measurements of cattle behaviour are possible without disturbing animals' normal daily routines. This will provide the behavioural scientists with objective data. According to a paper by Fregonesi and Leaver [24] , the locomotion score and the lying time together with few other numbers are potential indicators of the cattle welfare in different housing environments. Thus, the device can be utilised in the research of different housing systems to determine, which farming methods suit the cattle best.
It has also been reported that the HRV analysis can be utilised in detecting severe diseases in the cattle. Pomfrett et al.have reported that the mad-cow-disease (bovine spongiform encephalopathy, BSE) infected cattle showed significant variations in the high frequency (HF) component of HRV compared with the healthy control group. Most interestingly, the changes in the HF component could be seen 9 months before any clinical symptoms of the sickness could be seen. Their research was made over one year with some 85 cows. They also detected differences in the low frequency (LF) component of the HRV among cattle with high and low dose of BSE-infected food. [25] This indicates the need to construct devices with sufficiently long operating times and with data recording possibility independently of the receiver device which interprets the data. The developed measurement device serves also the scientific community by its relatively low price, modularity and ease of application.
Future development
The most important task in the future development of the implantable measurement device is to make it smaller in physical size. This both eases up the implantation procedure and also enables the device to be used also in smaller animals. The electronics of the device can be miniaturised by using a 3D printed circuit board (PCB) technique where the PCB has been manufactured of flexible and thin polyimide. This approach has been used in earlier research of the authors [26] .
The installation of the implant would be further simplified if in addition to the small size of the implant the form of the implant could be made such that the installation would be possible with a special tool without the need to operate such a large area. This could be achieved by adding a sharp tip to the implant but since the sharp tip could irritate the animal while implanted, the tip should be manufactured of biodegradable glass with a high mechanical strength. Ryu et al.have studied one such material and found that mechanically strong, biodegradable material can be constructed without it leaving any toxic residues to the tissues [27] .
Another important challenge to overcome is to enhance the usability and versatility of the device. Both requirements are fulfilled if the operating time could be made longer and a communication link from the implant to an external receiver could be realised. The operating time can be enhanced by reducing the amount of data that is stored on the memory card. This would both lower the power consumption of the device and also enable the device to store more data on a memory card of the same size. The greatest individual amount of data comes from the measurement of the ECG. If the ECG signal would be preconditioned and only the peaks would be stored in the memory, the amount of ECG related data would be cut to 0.3 % of the present value. Also the need to write the data on the memory card would be cut to a fraction. The accelerometer data could also be reduced if a motion score would be calculated from the measurement signals. The score could be calculated e.g. once in every 10 seconds which would cut down the data to 0.6 % of the original. A radio link should be integrated to the implant to be able to send the data out from the implant e.g. once a day. The external receiver could be brought in the vicinity of the animal when data is wanted to be downloaded. Otherwise the animal could move freely around.
In the future, more research efforts will also be set on the signal analysis of the measured signals and especially on the HRV analysis. It should be studied, what HRV analysis methods would be the most beneficial in determining the welfare of the cattle. Related to the HRV analysis, it should also be studied, how great a difference in the HRV analysis results will encounter from the usage of S-peaks of the cattle ECG data instead of R-peaks. Traditionally the human HRV analysis results are obtained from the R-peak data and the same has been used in cattle HRV analysis as well. However, as reported earlier in this paper, the amplitude of the S-peak in cattle ECG is significantly greater than the R-peak. Therefore, the analysis could be easier to be based on the S-peak data.
Woo et al.have made an interesting observation about the changes in the pH of the tissue around the incision [28] . They have measured decreased pH at the incision site for at least four days after the operation. During the time when the pH has been decreased, pain behaviour of the animals has been evident. By adding a pH sensor to the implantable measurement device, the researchers could obtain information about the pH of the tissue at the incision site and determine based on the measurement results, whether to use pain killer medicine or not. This would enable the researchers and veterinarians to provide the animals with the pain killers when they are really needed and avoid giving those when they the need for them is not actual.
Conclusions
A logging, implantable measurement device measuring ECG, activity and temperature of cattle has been designed and constructed. The prototypes were tested in vivo in cattle. The quality of the ECG data was good, the data quality factor, Equation 1, was calculated to be 0.89 for a data set with length of six hours. The operating time of the devices was designed to be 30 days but due to shortcomings in the MCU program code, the realised operating time was cut to around one week. The measurement device records ECG with a sampling rate of 341.3 Hz, temperature with 0.0625 Hz and acceleration with 16 Hz sampling rate for x-, y-and z-directions. These parameters will be stored on a memory card on the device for the complete operating time.
The presented device is superior to be used in long term measurements where the animals are let to move around freely on a large area. The implanted device does not interfere with the animal and its natural behaviour and physiological parameters can be objectively recorded. The logging functionality does not confine the range of the animal where it can move. The measurement data can be used in behavioural research and also to investigate the physiological state of the animal.
In the future, the main concerns are to minimise the size of the device and to enhance its versatility. The size of the device can be minimised by utilising techniques used in microelectronics. By miniaturisation, the implantation procedure of the device becomes a lot simpler which enhances the usability of the device. The versatility of the device can also be made better by miniaturisation since the device will fit even smaller animals. The usefulness of the device can further be enhanced by reducing the amount of data stored in the device. This will make the operating time longer.
